). Taken together, these results demonstrate that Fe deprivation conditions, cells lacking both CTH1 and CTH2 exhibited a more severe growth defect than those mRNA levels of multiple components of Fe-dependent metabolic pathways in S. cerevisiae are coordinately lacking only CTH2 ( Figure 3A) . Similarly, the cth1cth2 growth defect in the presence of ferrozine was partially regulated in response to Fe deprivation.
suppressed by CTH1 and completely recovered by coexpression of both CTH1 and CTH2 ( Figure 3B ). These The Aft1-Aft2 Target (Figure 2A and Supplemental Figure S1 ). This TZF motif is present in a family of matically increase in response to Fe deprivation. Fur-cleotide reductase, are only modestly decreased by Fe deprivation ( Figure 3C ). Interestingly, this coordinated mRNA downregulation does not occur in the absence of CTH2 ( Figure 3C , wt versus cth2 mutant). While mRNA levels in cth1 cells did not change significantly with respect to wild-type cells, the cth1cth2 mutant displayed reduced mRNA downregulation, suggesting that Cth1 directly or indirectly influences in this process. These results demonstrate that Cth2 functions in the downregulation of specific mRNAs under conditions of Fe deprivation.
We used DNA microarrays to ascertain which mRNAs exhibit CTH2-dependent changes on a genome-wide scale by comparing the gene expression profiles under Fe deficiency of cth1cth2 cells expressing a plasmidborne CTH2 gene or transformed with vector alone. Messenger RNAs corresponding to 84 genes were significantly upregulated in the absence of CTH2 (Table 1) Fe deficiency. proteins share 46% identity, hTTP homology to Cth1 and Cth2 is restricted to the TZF domains (Supplemental Figure S1) Figure 3C , genes encoding protested the role of the CCCH zinc fingers in Cth2-dependent mRNA downregulation by mutagenizing conserved teins involved in the TCA cycle (SDH4), heme synthesis (HEM15), Fe-S cluster assembly (ISA1), vacuolar Fe accysteine residues, located in both zinc finger motifs, to arginine. First, cells expressing CTH2-C190R or CTH2-cumulation (CCC1), and Fe-S proteins (LIP5) are dramatically downregulated under Fe starvation in a wild-type C213R mutant alleles displayed a growth defect in the presence of the Fe-chelator ferrozine ( Figure 3E ). Secstrain. The mRNA levels of RNR2, encoding a subunit of the essential di-Fe-tyrosil-dependent enzyme ribonuond, Cth2-dependent downregulation of SDH4, HEM15, 
LIP5, COX6
, and other mRNAs (data not shown) was under low Fe conditions contain one or more putative AREs, defined as 5Ј-UAUUUAUU-3Ј and 5Ј-UUAUU abrogated in both Cth2 mutants ( Figure 3F ). Similar results were obtained when cysteine residues 190 and 213 UAU-3Ј octamer sequences, located within 500 nucleotides after the translation termination codon (Table 1) . were mutagenized to alanine (data not shown). Control experiments showed that the cysteine mutant proteins To test whether Cth2-dependent mRNA downregulation during Fe deficiency occurs via AREs located within the are properly expressed (data not shown). Taken together, these results demonstrate that the integrity of 3ЈUTR, we used the mRNA encoding the membraneboth CCCH zinc finger motifs is essential for Cth2 funcanchored heme-containing subunit of the succinate detion in coordinated mRNA downregulation in response hydrogenase complex in mitochondria, SDH4, which is to Fe deprivation. downregulated under Fe deprivation in a manner completely dependent on Cth2 ( Figures 3C and 3F ). The SDH4 3ЈUTR contains three 5Ј-UUAUUUAUU-3Ј seDownregulation of Specific mRNAs by Fe quences beginning at 125, 135, and 158 nucleotides Deprivation Requires AU-Rich Elements after the translation termination codon (Table 1 and by RNA blotting. As shown in Figure 4C , wild-type SDH4 starvation, GCN4-ACO1-3ЈUTR mRNA was dramatically downregulated under Fe deprivation ( Figure 4E) . A simimRNA levels are dramatically downregulated under Fe depletion, while SDH4-AREmt2 mRNA levels are unaflar result was obtained when the 3ЈUTR of the SDH4 mRNA was fused to GCN4 ( Figure 4E ). Importantly, mufected by Fe. Furthermore, downregulation of CCC1 mRNA by Fe depletion was also completely dependent tagenesis of the AREs in the SDH4-3ЈUTR abrogated the Fe dependent downregulation of GCN4-SDH4-on the 3ЈUTR (Supplemental Figure S3) . Taken together, these results demonstrate that CTH2-dependent mRNA 3ЈUTR mRNA ( Figure 4E , GCN4-SDH4-AREmt2). In addition, the downregulation of both GCN4-ACO1-3ЈUTR downregulation under low Fe conditions is dependent on the presence of specific AREs located in the 3ЈUTR. and GCN4-SDH4-3ЈUTR mRNAs was completely dependent of the presence of a functional Cth2 protein To ascertain whether AREs are sufficient for mRNA downregulation in response to Fe deprivation, chimeric ( Figure 4F ). cth1cth2gcn4 mutants expressing either GCN4-ACO1-3ЈUTR or GCN4-SDH4-3ЈUTR were cotranstranscripts were expressed that contain the coding sequence of GCN4, a gene not regulated by Cth2 (data formed with vector, wild-type CTH2, or the CTH2-C190R mutant. As shown in Figure 4F , the Fe starvation-depennot shown), and the 3ЈUTR from either SDH4 or ACO1 (Figures 4A and 4D) , two genes whose mRNA steadydent decrease in steady-state levels for both mRNA species was abrogated in cells lacking CTH2 (vector state levels are regulated by Cth2. While wild-type GCN4 mRNA levels were not significantly decreased by Fe lanes) and in cells with a nonfunctional allele of CTH2 half-life measurements of the cytochrome c peroxidase action is severely compromised when the ACO1 or SDH4 ARE-MS2 RNA is coexpressed with the Cth2 C190R-CCP1 mRNA ( Figure 5D ). Taken together, these results demonstrate that CTH2 accelerates the destabilization Gal4 activation domain fusion, which is expressed at levels similar to Cth2-Gal4 fusion protein ( Figure 6C , of mRNAs containing ACO1, SDH4, or CCP1 3ЈUTRs, which harbor AREs that function through Cth2. data not shown).
To further test the specificity of this Cth2-ARE interaction, we mutagenized the AREs contained in the SDH4-Cth2 Binds to SDH4 and ACO1 AU-Rich Elements To understand how Cth2 coordinately stimulates the MS2 fusion RNA. As shown in Figure 6C , mutagenesis of adenine nucleotides 127, 134, and 141 to cytosine decay of a large battery of specific mRNA molecules in response to Fe deprivation in a 3ЈUTR-dependent ( Figure 6B , mt1) decreased growth on minus histidine plates, while the additional substitution of adenine numanner, we ascertained whether Cth2 binds to AREs in vivo using the yeast three-hybrid system (Putz et al., cleotide 160 to cytosine ( Figure 6B, mt2) completely abrogated growth, suggesting that Cth2 binding to the 1996; SenGupta et al., 1996). Sequences from both the ACO1 and SDH4 3ЈUTRs containing functional AREs SDH4-3ЈUTR mRNA occurs through two ARE regions. Additional evidence for differential binding between were fused to bacteriophage MS2 RNA and coexpressed in yeast cells expressing a Cth2-Gal4 transCth2 and the two mutant ARE alleles is evident from both the addition of the His3 inhibitor 3-aminotriazole activation domain fusion protein (Figures 6A and 6B) . Cells coexpressing either the ACO1 or SDH4 3ЈUTR fu-( Figure 6C ) and ␤-galactosidase assays demonstrating that Cth2 interaction with the SDH4 3ЈUTR is reduced to sion RNAs, together with wild-type CTH2, grow in medium lacking histidine, indicative of an interaction beone third in SDH4-mt1 and almost completely abrogated when all SDH4 AREs are mutated ( Figure 6D , SDH4-tween Cth2 and the 3ЈUTR of each mRNA ( Figure 6C) . Moreover, consistent with our evidence that Cth2 cysmt2). These results strongly suggest that Cth2 binds target mRNAs in vivo in a manner that is dependent teine residue 190 (as well as cysteine 213) is required to mediate target mRNA destabilization in vivo, this interupon the functional integrity of both the CCCH tandem (Table 1) periments suggest that the Cth2 homolog Cth1, while A potential explanation for this observation is that the not Fe regulated, may also contribute to a small extent activity of Fe-requiring proteins in these pathways is to Fe homeostasis (data not shown); however, other reduced, thereby limiting the levels of reaction products Cth1 cellular functions are also possible. Interestingly, and resulting in decreased feedback inhibition and inwe have recently identified the CTH1 promoter as a creased gene transcription. In addition, we also demontarget for the heat shock transcription factor HSF (Hahn strate that the steady-state levels of ERG and OLE1 et al., 2004). Here we describe a master regulatory mechmRNAs are elevated in cth2 cells, suggesting that Cth2 anism that dictates the response of eukaryotic cells to protein plays a role in the destabilization of these mRNAs Fe deficiency. A single regulatory protein, Cth2, controls (Table 1 and Table S1 . To test growth under conditions of Fe deprimizes its response to changing Fe availability by rapidly
